ABSTRACT: The study of labile carbon fractions (LCF) provides an understanding of the behavior of soil organic matter (SOM) under different soil management systems and cover crops. The aim of this study was to assess the effect of different soil management systems with respect to tillage, cover crop and phosphate fertilization on the amount of the LCF of SOM. Treatments consisted of conventional tillage (CT) and no-tillage (NT) with millet as the cover crop and a no-tillage system with velvet bean at two phosphorus dosages. Soil samples were collected and analyzed 
Introduction
The formation of soil organic matter (SOM) is very complex (Haynes, 2005) . This complexity makes it difficult to understand SOM dynamics when the soil is subjected to different management systems. Therefore, chemical and physical fractionation methods have been developed to evaluate SOM by studying its fractions, thus assessing more accurately the effects caused by management systems and crops on these fractions (von Lützow et al., 2007; Li et al., 2015) . The fractions of labile SOM have high rates of decomposition and short residence times in the soil (Haynes, 2005) . Because of this rapid cycling, the labile SOM is a more sensitive fraction for evaluating changes caused by agricultural practices (Vieira et al., 2007; Campos et al., 2011) than the total carbon (TC) Quanying et al., 2014) .
In the tropics, phosphorus (P) depletion and the decrease in SOM lead to land degradation (Aguiar et al., 2013) , and there is a relationship between the SOM and P in soils under different management systems. Furthermore, the nature and dynamics of the SOM and P are associated and can be a basis for predicting the modifications that land-use changes can have on soil quality (Aguiar et al., 2013) .
Several studies have demonstrated the behavior of the labile fraction of SOM under different tillage systems (Loss et al., 2014; Quanying et al., 2014) . However, these studies usually consider only specific fractions of the labile SOM and do not reflect the relationships between labile fractions obtained by different procedures, which makes it difficult to compare results from different studies. Furthermore, the magnitude of change in the labile organic carbon fraction was different from one to the other (Quanying et al., 2014) . To resolve such issues, the carbon management index (CMI) has been used as a tool fort determining the state and rate of change in soil C of land use systems in an integrated manner (Blair et al., 1995; Nogueirol et al., 2014) .
We hypothesized that (i) the tillage system impacts the labile SOM fraction more strongly than the soil organic carbon (OC); (ii) positive correlations are present between the various labile fractions; (iii) phosphorus fertilization and a no-tillage system promote the accumulation of SOM and an increase in the CMI. Our goal was to assess the effect of soil management with respect to tillage, cover crop and phosphate fertilization on the amount of the labile carbon fractions of the SOM in the Cerrado.
Materials and Methods

Location and characteristics of the experimental area
The study was carried out in an experimental area of Embrapa Cerrados, in Planaltina, DF, Brazil (15°36' S, 47°42' W and an altitude of 1.014 m). The climate is Cwa according to Köppen's classification (Alvares et al., 2013) , with a mean annual temperature and precipitation of 21.3 °C and 1,570 mm, respectively. The soil was categorized as an Acrustox according to the Soil Taxonomy classification (Soil Survey Staff, 2006) , with the relief characterized as gently undulating, 3 % slope, and the contents of clay, silt and sand are 571, 72 and 357 g kg −1 , respectively.
The area was deforested in 1976 and was used for pasture and grain production for 20 years. In 1996, prior to sowing soybean, limestone was applied to decrease management systems of sulfur (S) as gypsum were broadcasted on the soil surface. In 1998/99, corn was grown in the area, and 80 kg ha −1 of K 2 O, 30 kg ha −1 of S and 150 kg ha −1 of urea N, without phosphorus, were applied at planting. These three crops were grown to gain knowledge about the variability of the area so that the proper experimental design might be selected, and to obtain high soil fertility for the study of P management.
The experiment began in 1999 when the treatments of phosphorus (P) rates were established. The soil chemical conditions were appropriate, due to the cornsoybean succession, and winter cover crops were sown at the end of the rainy season and remowed at the time of flowering. In 2008 and 2009, the cover crops were fertilized with 45 kg ha −1 of urea N to increase the production of plant biomass.
Because of a common phenomenon in the region called "veranico" (mid-summer drought), the soybean and corn crops received supplemental sprinkler irrigation in drought situations during the rainy season. The irrigation was controlled by tensiometers installed in plots at a depth of 0.20 m and started when the soil water tension reached 45 kPa. The cover crops were also irrigated in the winter.
Experimental design and soil sampling
The experimental layout consisted of a randomized block design with split plots. Three management systems were randomly assigned to the plots and the P rates were assigned to the subplots.
The following management systems were studied: 1) a conventional tillage system consisting of plowing and harrowing before planting, with millet (Pennisetum glaucum) as the cover crop (CTml); 2) a no-tillage system with millet coverage (NTml); and 3) no-tillage with velvet beans (Mucuna aterrima) as the cover crop (NTmc). Treatments with no P fertilization (P0) and with 100 kg ha −1 yr −1 of P 2 O 5 as granular triple super phosphate (P1) were used in the planting furrow.
Soil samples were collected in Mar 2010, during the filling of soybean grain, at depths of 0.0-0.05; 0.05-0.10 and 0.10-0.20 m using an auger that was 0.05 m in diameter. One composite sample per plot was collected, which was formed by 20 subsamples (four locations within each plot × five subsamples per location -one on the line and four on the equidistant inter-row spacings). The soil was homogenized and separated for chemical analysis, airdried and passed through a sieve of 2 mm or 0.5 mm.
Soil samples were collected at the same depths as in the experimental area in an area under native Cerrado vegetation that was close to the experimental plots, and these were used as reference samples. The soil samples were collected from 20 random points in two different places.
Organic carbon and fractionation of organic matter
Organic carbon (OC) was determined by wet oxidation with potassium dichromate (10 mL of 0.167 mol L (Walkley and Black, 1934) . The various labile fractions were determined by four different methods described below.
• For particulate organic carbon (POC), the organic matter was physically fractionated according to Cambardella and Elliot (1992) . After air-drying, subsamples were sieved through a 2 mm sieve. Twenty grams of each subsample were placed in a 250 mL plastic bottle and 70 mL of sodium hexametaphosphate at a concentration of 5.0 g L −1 was added. The mixture was shaken for 15 h in a horizontal shaker, at 130 oscillations per min −1
. After this process, the entire contents of the vial were placed in a 53 μm sieve and washed with a weak jet of distilled water. The material retained in the sieve, which consisted of particulate organic carbon (POC > 53 μm) was oven dried at 50 °C to constant weight and then milled in a mortar until it could be passed through a 0.149 mm sieve, for the assessment of the total organic C content of the particulate fraction by dry combustion in a CHNS/O analyzer.
• For the carbon in the light fraction of the organic matter (CMOL), the carbon content was obtained by separation of the light fraction organic matter (LFOM) with 2 mol L −1 phosphoric acid followed by agitation and centrifugation according to Schiavo et al. (2009) . The material retained on the filter after the supernatant had been filtered was the LFOM. Based on the LFOM values, the C content of this fraction was calculated by multiplying the LFOM by 0.58 (Van Bemmelen factor) because, on average, 58 % of the SOM is C (Nelson and Sommers, 1996) .
• For C-KMnO 4 , the C oxidizable by a solution of KMnO 4 0.033 mol L −1 was determined according to Blair et al. (1995) . For this purpose, 1 g of air-dried fine earth (ADFE) sieved with a 0.5 mm mesh was agitated and centrifuged with 25 mL of a solution of 0.033 mol L −1 KMnO 4 . After centrifugation, 1 mL of the supernatant was pipetted into a 250 mL volumetric flask and made up to volume with distilled water. Absorbance at 565 nm was determined with a spectrophotometer. The change in the concentration of KMnO 4 , estimated from an analytical curve with known C values, was used to estimate the amount of oxidized C (C-KMnO 4 ), considering that 1.0 mmol of Mn is consumed in the oxidation of 0.75 mmol (9 mg) of C.
• Microbial biomass carbon (MBC) was determined by the fumigation-extraction method, according to Vance et al. (1987) . Six 20-g soil subsamples of each field sample were weighed in triplicate with the water content adjust-ed to equilibrium at a tension of 0.03 MPa (~80 % of the soil field capacity). These samples were pre-incubated at room temperature (26 ± 2 °C) for 7 days in capped 600 mL containers kept in the dark. Then, three subsamples were fumigated (F) for 24 h in a drier containing a Petri dish with 25 mL of chloroform without ethanol (CHCl 3 ). The other, non-fumigated (NF), subsamples were kept at room temperature. After fumigation, the F and NF subsamples were shaken on a horizontal shaker (150 rpm) for 30 min with 50 mL of the extraction solution (0.5 M K 2 SO 4 ). Subsequently, the subsamples were filtered through qualitative filter paper. The MBC was determined according to Vance et al. (1987) , using an 8 mL aliquot of the filtered extract and was determined as the difference between the C extracted from the F and NF soil samples using a correction factor (k C ) of 0.35 (Joergensen, 1996) .
Carbon Management Index (CMI)
The CMI was calculated at the 0-0.10 m soil depth according to the mathematical procedures proposed by Blair et al. (1995) as follows:
where CPI is the carbon pool index and LI the lability index.
The CPI and the LI are calculated as follows:
where L refers to the C lability calculated as: L = content of labile C / content of non-labile C.
The native Cerrado was used as the reference, with the CMI defined as 100. The labile C was considered as the C-KMnO 4 . The non-labile C content was estimated from the difference between the TC and the labile C (Blair et al., 1995) .
Statistical analysis
The levels of OC and the different labile fractions were statistically analyzed using the SAS 9.1 software. For analysis of variance, the OC, POC, CMOL, C-KMnO 4 and MBC levels were compared for each soil layer. Where the analysis of variance indicated significance, Tukey's test (p < 0.05) was used to test for differences between the means.
Results and Discussion
Effect of management systems on soil organic carbon
The analysis of variance for the OC content indicated that only the effect of the management system was significant (Table 1 ). The management systems reduced the soil organic carbon in relation to the native Cerrado vegetation, especially in CTml, with losses of 37 %, 18 % and 8 %, in the 0.0-0.05; 0.05-0.10 and 0.10-0.20 m layers, respectively (Table 1) . A similar finding was obtained by Rangel et al. (2008) that reported a decrease in the OC level at the 0.0-0.10 m depth compared to the natural system for all systems of soil uses and managements. However, the NTml was found to be most closely related to the accumulation of OC in the soil of the native Cerrado, demonstrating the potential of this system to produce grain with a reduced impact on the soil carbon balance. This pattern of behavior of the OC in NT is well established and is caused by the absence of mechanical incorporation of the crop residue , followed by a pronounced increase in root growth in the upper layers of the soil, compared to CT (Nunes et al., 2011) .
In the layers assessed, the conventional tillage system resulted in further reductions in the organic carbon level, even when millet was used as the cover crop, due to the more rapid decomposition of the SOM promoted by soil disturbance (Nunes et al., 2011) . Furthermore, the results showed that for tropical climatic conditions which favor the rapid decomposition of the crop residue, the transformation of natural vegetation in the agro-ecosystems under conventional tillage promotes a reduction in SOM mainly in the topsoil.
Labile fractions of organic matter affected by soil management systems
The levels of carbon in the labile fractions were affected by the management system and P rates ( Figures  1A and B) . However, the interaction system × P rate was not significant.
In the 0.0-0.05 m layer, the no-tillage systems showed higher C-KMnO 4 contents than CTml, indicating that plowing and harrowing can reduce crop residues on the soil surface, and have a direct impact on the most easily oxidized SOM fractions. In the 0.05-0.10 and 0.10-0.20 m layers, no differences were evident in CKMnO 4 content between the soil management systems. Of the various fractions analyzed by Plaza-Bonilla et al. (2014) , C-KMnO 4 presented the greatest difference between management systems, with an increase of 54 % in a no-tillage system compared to conventional tillage. These findings demonstrate that this fraction responds to the management system and is related to the organic Figure 2A ); these levels were close to those found by other authors in studies conducted in Cerrado areas, in clayey and very clayey soils (Figueiredo et al., 2010) . The simple effects of soil tillage system and phosphorus rates were significant (p < 0.05) for this parameter.
There was a difference in POC between management systems and cover crops, but this difference was restricted to the 0.0-0.05 and 0.10-0.20 m layers. In the upper layer, the no-tillage systems had a higher POC content than the CTml, and NTmc was higher than NTml. The highest input of biomass occurred with millet compared to velvet bean, and the lesser soil disturbance due to NT explains these differences, stressing the importance of minimal soil disturbance for the accumulation of C in the particulate fractions of the SOM, which represents the principal substrate that ensures the mineralization of nutrients by the soil microbiota (Figure 2A) . The presence of C-carbohydrates rather than C-polyphenols in the larger fractions (2000-50 mm) indicates the highly labile characteristics of such fractions (Rovira et al., 2010) . Moreover, this behavior demonstrates that the variation in POC content depends on the species under cultivation (Loss et al., 2014) . Because it is labile (Rovira et al., 2010) , this organic matter C fraction can quickly decompose, and constitutes a transient C reserve in the soil.
P application also increased the POC level in the upper layer, even though the soil showed adequate and appropriate P values at the beginning of the experiment ( Figure 2B ). This is due to higher production of plant biomass by the soybean, corn, millet and velvet bean crops when fertilized with P, as observed by Nunes et al. (2011) in the same experiment. Furthermore, in the area with no phosphorus fertilization, P was exported by the crops during harvest, which reduces the P level in the soil, because P is not replaced, thus reducing the grain yield and the plant biomass input in the soil (Nunes et al., 2011) . In the 0.0-0.05 m layer, CMOL levels were ranked as follows: NTml > NTmc = CTml, which indicates that this fraction has a relatively short cycle and is very sensitive to changes due to soil management practices (Tirol-Padre and Ladha, 2004) particularly in the upper soil layers. Demetrio et al. (1998) observed that the effect of incorporating residues in the soil on the C content is significant for the CMOL fraction, and the speed and degree of transformation of the CMOL fraction depend on its chemical characteristics when the other factors remain constant.
In the 0.05-0.10 m layer, in turn, the CMOL fraction was not affected by the different management systems. As shown for the C-KMnO 4 and POC fractions, CMOL is probably associated with a greater amount of crop residue deposited on the soil surface by millet, which has greater accumulation under a no-tillage system (Nunes et al., 2011) .
In contrast, in the 0.10-0.20 m layer, the CTml presented a higher CMOL content than the no-tillage systems, demonstrating the effect of incorporation of the organic residue via plowing. The P dosage had no effect on the CMOL content. In addition to reducing the level of organic carbon (Table 1) , the replacement of the native Cerrado vegetation by agricultural production also reduced the level of the labile SOM fractions. However, the adoption of the NTml in the Cerrado area increased the level of the CMOL fraction by 64 % in the 0.0-0.05 m layer compared to CTml (Figure 3) , demonstrating that millet associated with corn-soybean succession, regardless of the P rate, favored the accumulation of CMOL in the upper soil layers.
Under the no-tillage system, the MBC levels were higher than in the CT in the two uppermost soil layers, and no differences were observed between the management systems in the 0.10-0.20 m layer. For cover crops under NTml, the MBC values were higher than with velvet bean in the 0.0-0.05 m layer, indicating that grass as a cover crop provided a greater amount of soil surface residue, favoring an environment more suitable for microbial activity ( Figure 4A ).
In general, conservational management systems such as NT have higher MBC levels, and this parameter is negatively affected when the soil is disturbed, as observed by other authors in Cerrado soils (Figueiredo et al., 2010; Figueiredo et al., 2013) . Additionally, higher aeration and organic residue incorporation due to soil disturbance, such as occurred in the CT, can at first increase the MBC level but over time, the rapid decomposition of the litter can have a detrimental effect on the microbial population (Nunes et al., 2011) .
Although restricted to the 0.0-0.05 m layer, P application increased the MBC content because of the higher availability of labile SOM, which is the primary energy source for the microorganisms ( Figure 4B ).
POC and MBC were the fractions most affected (reduced) in the upper soil layer by using a native vegetation area for agricultural purposes, with losses of 71 % and 73 %, respectively, under CTml (Figures 2A and 4A ). According to Lopes et al. (2013) , in the Cerrado region, the MBC levels in soils cultivated with grain are low, even under the best management practices. 
Relationships between labile fractions of soil organic carbon
The percentages of the different labile fractions with respect to organic carbon were very different, ranging from 0 to 33 % ( Table 2 ). The POC represented, on average, the highest percentage (14 %) of the OC because of the nature of the particle size analysis used to determine this fraction. In this case, the soil was completely dispersed by a treatment with a dispersing agent (hexametaphosphate) and mechanical agitation, to prevent aggregates from remaining intact in the coarser fractions, which allowed for the determination of the entire particulate organic matter inside and between the soil aggregates (Roscoe and Buurman, 2003) .
The CMOL accounted for approximately 4 % of the OC and 30 % of the POC. This fraction represents the free OC in the soil, deposited on the surface of the aggregates, and is the most easily accessible fraction for microorganisms with a short residence time in the soil that ranges from 1 to 5 years (Janzen et al., 1992) .
Owing to the good relationship between the POC and CMOL fractions (Table 3 ) it can be inferred that the CMOL represents the portion of the POC outside of the soil aggregates. Moreover, in the present study, because CMOL represented only 30 % of the POC, most of the particulate organic matter in this Oxisol is, supposedly, inside soil aggregates.
The labile fraction with the lowest value and percentage was the MBC, which on average was 2 % of the OC. This fraction is extremely sensitive and considered the active fraction of SOM (Costa et al., 2013) . Studies indicate, on a scale of decreasing sensitivity, that the microbial soil biomass was highly variable and sensitive and was the active compartment of the organic carbon dynamics, followed by light organic matter which had an intermediate sensitivity (Rovira et al., 2010) .
All of the labile fractions obtained by the different methods had positive and significant correlations, with r-values above 0.68. Wendling et al. (2008) also found positive correlations between the POC and C-KMnO 4 fractions.
The fraction that best correlated with the POC was C-KMnO 4 (r = 0.90). The lowest correlation between labile carbon fractions occurred in the MBC fraction. This fraction is composed of a very limited set of substances and biomolecules compared to plant residue and other constituents of the other soil organic carbon labile fractions.
C-KMnO 4 was found to be a suitable indicator of the organic carbon labile fraction, given its methodological facility and sensitivity to the management system and applied P rate.
Carbon Management Index
The carbon management index for all of the management systems was lower than that for the native Cerrado (reference) ( Figure 5 ). The combination of no-tillage ; CMOL: light organic matter carbon; MBC: microbial biomass carbon. n = 3; ***significant at p < 0.001.
with P fertilizer, regardless of the cover crop, promoted a higher CMI than the conventional system without P application. While the CTml P0 treatment was 40 % lower than the CMI, the NTml P1 treatment had CMI values close to those of the native Cerrado. These results indicate that CT decreased not only the OC level but also the quality of the SOM, mainly with regard to its lability. In addition, these results demonstrate the higher capacity of the no-tillage system associated with P fertilization to preserve and enhance the quality of the soil organic matter.
The results confirm the utility of the CMI as a tool to evaluate soil quality as affected by management systems in the Cerrado. Vieira et al. (2007) found a positive relationship between the CMI and the physical, chemical and biological indicators of soil quality. Increases in CMI were also obtained in other studies as a result of practices such as the addition of organic matter via compost and sludge (Nogueirol et al., 2014) , legume-based cropping systems and the addition of mineral N (Vieira et al., 2007) , and green cane trash management (Blair et al., 1995) .
Conclusions
The labile fractions were found to be sensitive to soil management practices, and the lowest levels of these parameters were observed under a conventional tillage system. The primary changes occurred in the surface soil layer (0.0-0.05 m), where in general the use of a notillage system with millet as the cover crop showed the highest carbon values in the studied fractions. P fertilization for eleven years did not change the total organic carbon, but promoted the accumulation of C-KMnO 4 , particulate organic carbon and microbial biomass carbon in the soil, regardless of soil management system and cover crop. A positive correlation was observed between the various labile fractions, as well as between these fractions and the total organic carbon in the soil. P fertilizer application improved the capacity of the notillage system to promote soil quality, as assessed by the carbon management index. Our results confirm that the carbon management index is an appropriate and sensitive parameter for the assessment of changes promoted by soil management systems in the Cerrado.
